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£3 Abstract 

Topological insulators represent a new quantum state of matter that are insulating in the bulk 



o 



but metallic on the surface possessing unique electronic structure and spin texture. They all share 
the same total angular momentum texture in the Dirac surface state with the electron spin locked 
with the crystal momentum. Here we report direct observation of the spin texture locking with the 
orbital texture in a topological insulator Bi2Se3. The spin texture of the Bi2Se3 surface state has 



been directly measured by high resolution spin- and angle-resolved photoemission spectroscopy. 
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dent light. We have revealed distinct spin textures in different light polarization geometries that 

> 

constitute strong evidence of the orbital-dependent spin texture in Bi2Se3. As different topologi- 
cal compounds may have very different orbital characters for the surface states, our observations 
provide a new orbital degree of freedom in controlling the spin structure in the topological insula- 
tors. We also demonstrate light manipulation of the orbital-selective spin texture in Bi2Se3 that is 
important for the future applications of topological insulators in spin-related technologies. 
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Topological insulators represent a new quantum state of matter which are insulating in 
their bulk interior but metallic on the topologically protected edge or surface states [TH3]. In 
the conducting surface state of the three-dimensional topological insulators, the electron spin 
is locked to its crystal momentum, forming a unique helical spin texture [2]. Such a unique 
spin texture can suppress electron backscattering because of the protection of the time re- 
versal symmetry, thus making the surface state robust against external perturbations jH [5]. 
Topological insulators are therefore promising for applications in spin-related electronics. 
The nontrivial spin texture of topological insulators has been intensively explored theo- 
retically [HI E], and the spin-momentum locking has been demonstrated by a number of 
experiments [8HTi] . It was very recently proposed that the spin texture can be coupled with 
the orbital texture in topological insulators, which may be directly tested by spin- and 
angle-resolved photoemission spectroscopy (SARPES) together with polarization-variable 
light source [15J. Such a spin-orbital locking can provide new insight on the spin texture 
formation and paves a way for light manipulation on the orbital-selective spin textures in 
topological insulators. 

Angle-resolved photoemission spectroscopy (ARPES) is a powerful tool to study the 
electronic structure of materials |1 6] . It has played a key role in discovering three-dimensional 
topological insulators [TTJ [18]. ARPES can measure not only the energy and momentum of 
electrons, but also the orbital characters of the measured electronic state by making use of 
the matrix element effect and polarized light |16j. By employing different linearly-polarized 
incident light (s or p polarization, see Supplementary for details), the unique orbital texture 
of the Bi 2 Se3 surface state has been discovered [19]. The SARPES goes one step further to 
directly probe not only the electron energy and momentum but also its spin state, providing 
all the relevant information necessary to describe electronic states in a solid[16l|20l|2T]. It has 
been employed to directly reveal the nontrivial spin texture of the topological insulators [8]- 
H3]. The SARPES, combined with the variable light polarization, has been proposed to 
be the most suitable experimental tool to directly detect spin-orbital texture predicted in 
the surface state of the Bi 2 Se3 topological insulator [T5l 122] . In this report, we present 
strong evidence of the spin-orbital texture of Bi2Se3 by our high resolution SARPES with 
polarization- variable laser light source. We demonstrate that, by switching the incident 
light from p to s polarization experimental geometry, the chirality of the spin texture of 
the upper Dirac cone changes from the left-handed to the right-handed symmetry while it 
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keeps the same right-handed spin texture for the lower Dirac cone. For the s polarization 
measurements, our SARPES measurements reveal a surprising spin texture: the upper and 
lower Dirac cones share the same right-handed helical spin texture. This is distinct from the 
normal spin texture in the topological insulators where the chirality of the upper Dirac cone 
and the lower Dirac cone is opposite. These results provide strong experimental evidence 
for the spin-orbital texture in Bi 2 Se3 topological insulator [15]. 

By utilizing polarized light source and taking advantage of the photoemission matrix 
element effect, ARPES can selectively excite and probe orbitals involved in the measured 
electronic states[16j. Figure 1 shows the ARPES spectral weight distribution of the Bi 2 Se3 
topological insulator at different energies measured by s- (upper panels) and p-polarized 
(lower panels) light (for the measurement geometry, see Fig. SI in Supplementary Materials). 
For the s polarization measurements, the spectral weight above the Dirac point is strong 
along the k x direction but suppressed along the k y direction (Fig. la and lb). Such an 
intensity distribution is reversed for the lower Dirac cone where the intensity along the k y is 
strong but suppressed along the k x direction (Fig. Id). For the p polarization measurements, 
the spectral intensity is more uniform with slight variation in the measured constant energy 
contours (Fig. le and If). These observations are consistent with the previous report [19J 
and can be well understood in terms of different components of the p orbitals involved due 
to the matrix element effect. These results indicate that, in the p polarization geometry, 
electrons with the out-of-plane p z orbital characters are mainly selected and excited both 
above and below the Dirac point (Fig. 2b). In the s polarization geometry, electrons with 
dominantly in-plane tangential orbital texture are excited above the Dirac point, while 
electrons with dominantly radial orbital texture are excited below the Dirac point, as shown 
in Fig. 2c[15l[T9]. 

It has been theoretically proposed that, the spin texture in the topological insulators is 
not only determined by the crystal momentum, but also coupled with the orbital texture[15j. 
The spin texture of the topological insulators has been well studied theoretically [HI [7] and 
experimentally [8HTi] . leading to a common picture as sketched in Fig. 2a that shows a 
left-handed spin texture for the upper Dirac cone and a right-handed spin texture for the 
lower one. In fact, such a spin texture is not about the real spin but the total angular 
momentum + L , which is the combination of the real spin S and the orbital 

angular momentum L due to the spin-orbital coupling[T5]. Therefore, it is important to 
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separate the pure spin contribution from the angular momentum of orbitals. Distinct spin 
textures are predicted for different orbital textures in the Bi 2 Se 3 topological insulator (Fig. 
2b and 2c): (1). The out-of-plane p z orbital texture gives a left-handed helical spin texture 
for the upper Dirac cone and a right-handed one for the lower Dirac cone (Fig. 2b); (2). The 
in-plane tangential orbital texture gives a right-handed helical spin texture for the upper 
Dirac cone (Fig. 2c) and it is reversed for the lower Dirac cone (not shown in Fig. 2c); (3). 
The in-plane radial orbital texture gives a right-handed helical spin texture for the lower 
Dirac cone (Fig. 2c) and it is reversed for the upper one (not shown in Fig. 2c) [TS]. As shown 
above, the capability of selectively probing different components of the p orbitals by ARPES 
with polarization-variable light source makes it possible to detect the coupled spin-orbital 
texture when the spin detection capability is added. Given the dominant orbital textures 
determined in the p and s polarization geometries, it is possible to assign pure spin texture 
for the upper and lower Dirac cones as shown in Fig. 2b and 2c. For the p polarization 
geometry (Fig. 2b), the pure spin texture is similar to the total spin texture of the surface 
state (Fig. 2a). For the s polarization, however, the same spin texture is expected for both 
the upper and lower Dirac cones which is distinct from the total spin texture. These unique 
spin textures can be examined by SARPES with polarization-variable light source. 

The spin detection in our SARPES system is realized by using a Mott-type spin detector 
that consists of a heavy element target (thorium) with strong spin-orbital coupling, and 
four surrounding channeltrons to detect the scattered electrons (Fig. 3d) [20, 21J. When the 
spin-polarized photoelectrons are accelerated by high voltage (25 KV) and hit the target, 
the intensity of the scattered electrons measured by the four channeltrons will be different 
due to the spin-orbital interaction between the incident electrons and nucleus in the target. 
Such a signal difference can be taken as a measure of the spin polarization of the incident 
electrons. In the Mott-type spin detector, each component of spin polarization is detected 
by two channeltrons. For example, in our measurement geometry as shown in Fig. 3d, the 
vertical Z component of the spin polarization (Pz) is determined by the left (L) and right 
(R) channeltrons while a pair of the up (U) and down (D) channeltrons measures the Y com- 
ponent (Py). It is well known that the Mott-type spin detector has extremely low efficiency 
leading to poor instrumental resolution and low detection efficiency for the normal SARPES 
measurements fIU\ |2"T| . The utilization of the VUV laser source has greatly improved the 
capability of our SARPES system. Due to the intrinsic narrow linewidth of the VUV laser 



4 



(~0.26 meV) and its super-high photon flux[23j, we are able to obtain a spin-resolved en- 
ergy resolution of ~2.5 meV (Fig. 3c). To our knowledge, this is the best energy resolution 
achieved so far in the spin-resolved photoemission systems. To improve the data statistics 
and reduce the measurement time, we set the spin-resolved energy resolution at 25 meV for 
the SARPES measurements of Bi2Se3 reported in this work. The best angular resolution 
of our SARPES is ~0.3 degree; the momentum resolution is further improved due to the 
utilization of a low photon energy of the VUV laser (hz/=6.994 eV). In addition, it is able to 
do spin-resolved measurement and regular angle-resolved measurement simultaneously, thus 
achieving an accurate location of the measured momentum point. 

The spin-resolved capability of our SARPES system is demonstrated by measuring a 
standard sample Au(lll) which serves as a good reference for the spin polarization and 
chirality in the Bi 2 Se3 topological insulator. Due to the Rashba effect [ZU EH], the sur- 
face state of Au(lll) splits into two branches of bands with well-defined spin polarization 
(Fig. 3b) [2"fi"l [2Tj . Two corresponding Fermi surface sheets are formed with well-defined 
spin texture (Fig. 3a): the inner cone has a left-handed chirality while the outer one has a 
right-handed chirality [201 128] . Fig. 3e shows the band structure of the Au(lll) surface state 
measured along a momentum cut shown as pink thick line in Fig. 3a. The simultaneous 
measurement by the four channeltrons in the spin detector gives four spin-resolved photoe- 
mission spectra (energy distribution curves, EDCs) shown in Fig. 3f for the momentum point 
shown in Fig. 3e (dashed blue line). Due to much improved energy and angular resolutions, 
two peaks are well resolved in our spin-resolved EDCs (Fig. 3f). There is little difference 
between the two EDCs from the up (U) and down (D) channels, indicating negligible spin 
polarization along the Y direction that is an out-of-plane spin component. On the other 
hand, the two EDCs from the left (L) and right (R) channels show obvious difference in their 
intensity at two peak positions. Moreover, the relative intensity from these two channels is 
opposite for the two peaks: for the 0.16 eV binding energy peak associated with the outer 
cone, the L channel intensity (blue line) is higher than that of the R channel (red line); for 
the 0.05 eV peak related with the inner cone, it is the opposite. This indicates that there 
exists spin polarization along the vertical Z axis that is in the plane of the Au(lll) surface 
and the spin polarization directions for these two peaks are opposite. These observations 
are consistent with previous results on Au(lll)[2IIl EE] and demonstrate the spin-resolved 
capability of our SARPES system. In particular, it has established a good correspondence 
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between the spin chirality and the intensity difference among the channeltrons, as marked 
in Fig. 3f. For the inner cone in Fig. 3a with a left-handed chirality, it corresponds to the 
0.05 eV peak where the right channel intensity is higher than that of the left channel, while 
for the outer cone with a right-handed chirality, it corresponds to the 0.16 eV peak where 
the intensity of the left-channel is higher than that of the right channel. 

Figure 4 shows our SARPES measurements on Bi 2 Se3 in the s polarization (Fig. 4a) 
and p polarization (Fig. 4b) geometries. The spin-resolved EDCs are measured by the left 
(blue lines) and right (red lines) channels; each pair of the EDCs detects the in-plane spin 
component along the vertical Z direction for a given momentum point. In Fig. 4a with the 
s polarization geometry, spin- resolved EDC pairs, labeled by SI to S5 from bottom to top, 
were measured on five representative momentum points along the TK cut as marked by the 
dashed lines in the band image measured from regular ARPES (Fig. 4c). Likewise, in Fig. 
4b with the p polarization geometry, spin-resolved EDC pairs, labeled by PI to P5, were 
measured on five momentum points along the TK cut as marked by the dashed lines in the 
band image in Fig. 4d. The measured energy range includes both the upper Dirac cone and 
the lower Dirac cone that is necessary for studying the spin-orbital texture in the Bi 2 Se3 
topological insulator. 

Let us now have a close examination on the spin polarization variation with momentum, 
energy location and the light polarization geometry. In Fig. 4a, the EDC pair for the 
momentum S5 corresponds to right Fermi momentum kp^ in Fig. 4c. The peak located 
near the Fermi level (E^) comes from the upper branch of the Dirac cone while the peak 
with 0.58 eV binding energy is from the lower Dirac cone. The EDCs from the left and the 
right channels show clear intensity difference at these two peak positions, indicating there is 
in-plane spin polarization along the Z direction at kpR of the surface band. Moreover, the 
intensity of the left-channel EDC (blue line) is lower than that of the right-channel EDC 
(red line) for both the near-E F peak and the 0.58 eV peak, indicating they have the same 
spin polarization direction. By comparing with the spin-resolved measurement of Au(lll) 
(Fig. 3f), the higher intensity of the right channel means that the dominant in-plane spin 
polarization is tangential to the constant energy contours at kpR and points upward for both 
the points on the upper Dirac cone and the lower Dirac cone, as marked in the right panel 
of Fig. 4c. When the momentum moves to S4 that is between k FR and the T point, there 
are three peaks observed in the spin-resolved EDCs: the peak close to the Fermi level is 
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from the bulk conduction band which is not relevant to our present study, while the other 
two peaks around 0.28 eV and 0.44 eV come from the surface band above and below the 
Dirac cone, respectively. It is clear that these two peaks of the surface band show similar 
spin polarization behavior as observed at kpR- The momentum S3 is close to the f point 
and the intensity difference between the spin-resolved EDC pair is small, indicating that 
the in-plane spin polarization along the Z direction is close to zero. After the momentum 
goes across the f point to the S2 and SI points, the peak from the upper Dirac cone shows 
spin polarization again but with the measured intensities reversed when compared with the 
measurements for S5 and S4. This means that the dominant spin polarization direction for 
SI and S2 is opposite to that in S4 and S5 for the upper Dirac cone. The intensity of the 
lower Dirac cone is relatively lower than that of S5 and S4, probably caused by the matrix 
element effects in the photoemission process. But the intensity from the lower Dirac cone is 
rather strong for the SI momentum point close to the left Fermi momentum k FF as marked 
in Fig. 4c. Apparently the dominant spin polarization direction at k FL is opposite to that 
at k FR for both the upper Dirac cone and the lower Dirac cone. This leads to a spin texture 
shown in the right panel of Fig. 4c where the upper Dirac cone and the lower Dirac cone 
show the same right-handed chirality. Our SARPES results in the s polarization geometry 
(Fig. 4a and 4c) uncover, for the first time, a surprising spin texture where the upper Dirac 
cone shares the same spin chirality with the lower one. Such a spin texture is unusual from 
the normal spin texture of topological insulators as usually considered (Fig. 2a). 

The SARPES results of the surface state of the Bi 2 Se 3 topological insulator measured in 
the p polarization geometry are presented in Fig. 4b and 4d. The experimental conditions 
for the p polarization geometry are similar to the s polarization geometry except for the 
light polarization change (see Supplementary for further details). The momentum P5 is 
close to the right Fermi momentum k FR and thus at the similar momentum point with S5 
in Fig. 4a and 4c. But there is a marked difference on the spin polarization between these 
two light polarization geometries. While the dominant spin polarization directions for the 
upper Dirac cone and the lower Dirac cone are the same in the s polarization geometry, they 
are opposite in the p polarization geometry. Specifically, for the upper Dirac cone, the spin 
polarization direction measured by p and s polarizations is opposite while it is the same for 
the lower Dirac cone. A careful examination of the spin-resolved data at different momenta 
in Fig. 4b, as has been done for Fig. 4a, leads to a spin texture picture shown in the right 
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panel of Fig. 4d. For the p polarization geometry, the upper Dirac cone shows a left-handed 
chirality while the lower Dirac cone shows a right-handed chirality. 

By taking high resolution SARPES measurements with variable light polarizations, we 
have uncovered interesting spin textures in the Bi2Se3 topological insulator as summarized 
in Fig. 4c and 4d. (1). For the s polarization geometry, both the upper Dirac cone and 
the lower one have the same helical spin texture with the right-handed chirality. This 
is fundamentally different from the general spin texture of the topological insulator (Fig. 
2a). (2). For the p polarization geometry, the upper Dirac cone has a left-handed spin 
texture while the lower Dirac cone shows a right-handed spin texture. (3). By varying 
between the s and p polarization geometry, for the upper Dirac cone, the spin texture can 
be switched between the right-handed and the left-handed chirality, while it keeps the same 
chirality for the lower Dirac cone (see Fig. S2 in Supplementary). These observations are 
hard to understand in terms of the usual spin texture picture of topological insulators (Fig. 
2a). The perfect agreement of our experimental observations (Fig. 4) with the theoretical 
predictions (Fig. 2) provides strong evidence on the spin-orbital texture in the Bi 2 Se 3 
topological insulator. Our new observation of the spin-orbital texture, in addition to its 
usual spin-momentum locking, provides an additional degree of freedom in controlling the 
spin structure in topological insulators. It also demonstrates that light manipulation of spin 
texture is possible in topological insulators that is important for their future applications in 
spin- related technologies. 
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FIG. 1: ARPES intensity maps at different energies for the Bi2Se3 topological insulator measured 
in s (upper panels) or p polarization (lower panels) geometry. The energies labeled on the top of 
the figure are relative to the energy position of the Dirac point. a,b, e, and f are taken above the 
Dirac point, c and g are at the Dirac point, and d and h are below the Dirac point. 
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Total spin texture p polarization s polarization 

FIG. 2: Orbital textures probed in different polarization geometries and their coupled spin textures 
predicted for Bi2Se3 by theories [151 02] • a - Schematic of the total spin texture for the surface Dirac 
cone of topological insulators. The arrows indicate spin directions, b. The p z orbitals selectively 
probed in the p polarization geometry and their expected spin texture. In this geometry, from 
the analysis of the photoemission matrix element effect, the ARPES signal is dominated by the 
out-of-plane p z orbitals for both the upper Dirac cone and the lower Dirac cone 1 19]. It is expected 
that the p z orbitals are associated with a left-handed helical spin texture for the upper Dirac 
cone and a right-handed spin texture for the lower Dirac cone[15]. c. Orbital textures probed in 
the s polarization geometry and their related spin textures. In this geometry, the ARPES signal 
is dominated by the in-plane tangential orbital texture for the upper Dirac cone and the in-plane 
radial orbital texture for the lower Dirac cone[19j. It is expected that the tangential orbital texture 
in the upper Dirac cone is associated with a right-handed helical spin texture and the radial orbital 
texture in the lower Dirac cone is associated with a right-handed spin texture[15J. 
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FIG. 3: The VUV laser-based spin- and angle-resolved photoemission system (SARPES) and 
its measurements on the Au(lll) surface state, a. Schematic Fermi surface and associated spin 
texture of the Au(lll) surface state. The inner Fermi surface sheet shows a left-handed spin texture 
while the outer one shows a right-handed spin texture [2Q| I21j . b. Schematic band structure of 
the Au(lll) surface state along the momentum cut shown in a as a dashed line. It is overlaid 
on the band structure measured by regular ARPES (left half of the momentum range), c. Spin- 
resolved energy resolution of our SARPES system obtained by measuring the Fermi edge of a clean 
polycrystalline Au at 7 K. The experimental data (open circles) are fitted by the Fermi distribution 
function (red solid line) and the overall fitted line width is 3.52 meV. By removing the thermal 
broadening, an instrumental spin-resolved energy resolution of 2.5 meV is obtained, d. Schematic 
geometry for our SARPES system which combines a Scienta R4000 electron energy analyzer with 
a Mott-type spin detector. There are four channeltrons in the spin detector to detect the scattered 
photoelectrons after they are accelerated and hit the thorium target. The four channeltrons are 
labeled in the inset viewed from the backside of the spin detector, as indicated by the black arrow. 
In this geometry, the left and right channels measure the spin-polarization component along the 
vertical Z direction, while the up and down channels measure the spin-polarization component 
along the Y direction, e and f show, respectively, the band structure image and the four spin- 
resolved EDCs of the Au(lll) surface state obtained simultaneously by the SARPES system. 
The corresponding momentum cut for the image (e) is shown in (a) as a pink thick line. The 
corresponding momentum point for the spin-r^Solved EDCs (f) is shown in (e) as a dashed blue 
line. 
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FIG. 4: SARPES measurements of the Bi2Se3 topological insulator under different light polariza- 
tion geometries, a. Spin-resolved EDCs of the Bi2Se3 topological insulator at five representative 
momenta along the TK momentum cut in the s polarization geometry. The spin-resolved EDCs 
are measured by the left (blue lines) and right (red lines) channels; each pair of the EDCs detects 
the in-plane spin component along the vertical Z direction for a given momentum point. The 
corresponding momentum points are marked as the dashed lines in the band image measured from 
regular ARPES in the s polarization geometry (c). The EDC peaks corresponding to the bulk band, 
the upper Dirac cone and the lower Dirac cone are marked by empty circle, solid diamond and 
asterisk, respectively, b. Spin-resolved EDCs at five representative momenta along the TK mo- 
mentum cut in the p polarization geometry. The corresponding momentum points are marked as 
the dashed lines in the band image measured from regular ARPES in the p polarization geometry 
(d). On the right side of c, the measured spin texture measured in the s polarization geometry is 
shown for both the upper Dirac cone and the lower Dirac cone. On the right side of d, the spin 
textures measured in the p polarization geometry are shown. 
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